We demonstrate that one-way electromagnetic modes could be sustained by the edge of a gyromagnetic photonic crystal slab of triangular lattice under an external dc magnetic field. The applied magnetic field breaks the time-reversal symmetry of the three-dimensional system, and thus the original degeneracy point in k space, at which two dispersion surfaces intersect, is lifted, resulting in a photonic band gap below the light cone. At this band gap, the one-way mode is localized horizontally to the slab edge, while confined by the index contrast in the vertical direction. © 2012 Optical Society of America OCIS codes: 230.3810, 240.6690, 160.5298. Photonic crystals (PhCs) are periodic dielectric microstructures that are specifically engineered to manipulate and control the propagation of light within certain frequency ranges (i.e., so-called photonic band gaps) [1] [2] [3] . The conception of PhCs arises from an analogy between Maxwell's equations in a periodic medium and Schrödinger equation with a periodic Hamiltonian. Recently, this analogy was extended to chiral edge states (CESs) [4] , which characterizes the quantum Hall effect in two-dimensional (2D) electron systems subject to a strong magnetic field [5] . The electromagnetic (EM) counterparts for CESs are one-way edge modes that are confined at the edge of certain 2D magneto-optical (MO) PhCs and possess group velocities pointing in only one direction, determined by the direction of an applied dc magnetic field [6, 7] . Such edge modes were later verified experimentally by using MO PhCs in the microwave regime [8] [9] [10] . One-way EM modes provide a basic mechanism for realizing new classes of photonic devices that would be impossible using conventional reciprocal EM modes [11] [12] [13] [14] .
Photonic crystals (PhCs) are periodic dielectric microstructures that are specifically engineered to manipulate and control the propagation of light within certain frequency ranges (i.e., so-called photonic band gaps) [1] [2] [3] . The conception of PhCs arises from an analogy between Maxwell's equations in a periodic medium and Schrödinger equation with a periodic Hamiltonian. Recently, this analogy was extended to chiral edge states (CESs) [4] , which characterizes the quantum Hall effect in two-dimensional (2D) electron systems subject to a strong magnetic field [5] . The electromagnetic (EM) counterparts for CESs are one-way edge modes that are confined at the edge of certain 2D magneto-optical (MO) PhCs and possess group velocities pointing in only one direction, determined by the direction of an applied dc magnetic field [6, 7] . Such edge modes were later verified experimentally by using MO PhCs in the microwave regime [8] [9] [10] . One-way EM modes provide a basic mechanism for realizing new classes of photonic devices that would be impossible using conventional reciprocal EM modes [11] [12] [13] [14] .
As an edge mode, one-way EM modes have a topological nature of 2D geometry, and this limits their practical applications. In [6] , it was suggested that true one-way guiding modes, whose fields are confined in the plane transverse to the propagation direction, can be realized by a truncated 2D system sandwiched between two metal slabs, as metal slabs support transverse electromagnetic (TEM) modes with field distributions identical to the TM modes in a 2D system. Such a scheme is only available for TM one-way modes using gyromagnetic materials, but not appropriate for TE one-way modes or gyroelectric materials [4, 15, 16] . Besides, this scheme only works in the microwave regime. In an optical regime, metal usually acts as a plasmonic medium, so the fundamental mode sustained by metal slabs is not again a TEM mode, moreover the absorption loss in metal also becomes serious. It would be interesting if true one-way guiding modes could be realized by a MO PhC slab with dielectric claddings (e.g., air), which has a band gap for propagation in the plane and uses index-confinement in the third dimension [17, 18] . In this letter, we consider gyromagnetic materials and design an experimentally feasible yttrium-iron-garnet (YIG) PhC slab operating at microwave frequencies. We will present a systematic study of guiding characteristic of a YIG PhC slab with air claddings, and show that oneway edge modes may exist in a three-dimensional (3D) system.
We start with the band structure of a PhC slab formed by a (2D) triangular lattice of air holes in a YIG slab, as shown in Fig. 1 . The YIG slab has a relative permittivity of ε r 15 and a thickness of h 0.8a, and the radius of the air holes is r 0.45a, where a is the lattice constant. It is known that modes guided in a PhC slab can be classified into two types of TM-and TE-like polarizations [18] . Here, we restrict ourselves to the TM-like modes. The band structure is calculated with the finite element method (FEM) using commercial (COMSOL Multiphysics) software through solving the eigenfrequency problem. Without an external magnetic field applied, the relative permeability of the YIG slab is μ r 1, and the band structure is shown in Fig. 2(a) . The gray shaded area is the light cone, representing all extended modes propagating in air, and below it are the TM-like guided bands localized to the slab. The first two bands degenerate at a single point K in the Brillouin zone, and it is expected that this degeneracy can be lifted upon applying an external dc magnetic field. When an external magnetic field applied in the z direction, strong gyromagnetic anisotropy is induced in the YIG slab, with a relative permeability tensor of the following form [19] 
where
6 rad s −1 G −1 , the gyromagnetic ratio), and H 0 is the applied magnetic field; ω m 2πγ4πm s , with 4πm s 1780 G being the saturation magnetization. In Fig. 2(b) , we show the (TM-like) band structure for the YIG PhC slab under H 0 1700 G magnetic field applied. In our numerical example, we take constant μ r and μ k evaluated at 10 GHz, around which the frequencies are of our interest. Correspondingly, we take a 11 mm. As expected, the degeneracy at point K in the band structure is lifted by the external magnetic field, and a band gap opens around 10 GHz. This gap is closely related with timereversal breaking providing a basis for constructing a one-way edge mode.
We now suppose that the (magnetized) YIG PhC slab is truncated at the row of holes centered at y 0, and the boundary is along y 3 p a ∕6. This boundary might sustain edge modes located within the band gap below the light cone, whose fields decay transversely in air as the modal indices are larger than unity. To verify this, we calculate edge modes using the FEM (COMSOL Multiphysics) together with the supercell technique. In the calculation, the supercell, which is terminated with perfect matched layers in the z direction, is comprised of a cuboid shown in Fig. 1 and an air cuboid of the same sizes beyond the PhC slab edge, and the cuboid height is set to be considerably larger than the thickness of the YIG slab. Figure 3 shows the dispersion relation (red line) for the edge mode. Corresponding to a nonradiative mode, the dispersion curve of the edge mode lies under the light cone (gray shaded area), and importantly, it only exists for k x < 0. Obviously, the group velocity of the edge mode, defined as the slope of the dispersion curve, points in only one direction, i.e., the edge mode could only propagate in one direction. In Fig. 3 , we also show the band structure (blue dots) of the magnetized YIG PhC slab pro- jected along the Γ − K 0 direction, and as expected, the dispersion relation of the edge mode is just located within the band gap induced by the external magnetic field. Evidently, the width of this band gap determines the band width of a one-way edge mode. Our numerical analysis shows that the magnetic-field-induced gap of the PhC slab is a function of h. Actually, we have already taken the optimal thickness in our numerical example.
Finally, using the finite integration technique [20] , we perform a simulation of one-way wave transmission in 3D geometry for a direct illustration. A line current source, which has the same height as the YIG slab, is placed at y r tangential to the curved YIG boundary. The parameters of the PhC slab are the same as in Fig. 3 , and the operating frequency is set at 10 GHz. The simulated results are displayed in Figs. 4(a) and 4(b) , which represent the spatial variations of the E z field on a horizontal crosssection at the mid-height of the slab and a vertical crosssection along y r, respectively. It is observed that waves from the line source only excite mode propagating to the left, and the fields are strongly localized at the slab edge. The propagating fields are also tightly confined in the vertical direction. To examine the robustness of such an edge mode against imperfections or disruptions, we fill the fifth concave of the periodic edge of the PhC slab on the left side of the source [see Fig. 4(c) ] and simulate the wave transmission along this imperfect periodic edge. The simulated results are shown in Fig. 4(c) , and wave scattering from the imperfection is clearly observed. If a cladding of finite height, which may be a metal slab or a regular PhC slab with a band gap, is placed beside the PhC slab edge, to what extent could the radiative scattering from the imperfection be suppressed? To clarify this, we introduce a metal slab with thickness H, separated by 3 p a ∕3 spacing from the PhC slab edge, and preserve the mirror symmetry of the system. Our simulations show that the scattering suppression by the metal slab is not obvious in the case of H h, but it becomes remarkable when H 4h, as shown in Fig. 4(d) . For evaluating the level of this scattering suppression, the E z amplitude along the x axis (in the symmetry plane) is plotted in Fig. 4(e) for the cases of Figs. 4(a), 4(c), and 4(d).
In summary, we have demonstrated that a (TM-like) one-way edge mode could be supported by a gyromagnetic PhC slab through the index confinement in the vertical direction. It is evident from duality that TE-like one-way edge modes can also be realized using gyroelectric PhC slabs. This one-way guiding scheme may be further extended to higher frequency (even optical) regime, as long as some gyromagnetic material with a strong enough magnetic-optical effect is available there.
